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Observation of Amplification of the OVIII Hx Line In A
Recombining Laser-Produced Plasma*

D. L. Matthews, E. M. Campbell, K. Estabrook, W. Hatcher
R. L. Kauffman, R. W. Lee, and C. L. Wang

Lawrence Livermore National Laboratory
Livermore, California 94550

Abstract

We have observed enhanced emission of the 0 VIII Hx line at 121 eV
from a recombining plasma produced by laser heating of a thin Formvar
foil with two opposed cylindrically-focused (0.3 x 1.4 cm) 5 TW laser
beams. The time-dependent intensity of the Ha line increases by nearly
an order of magnitude as the plasma length is increased from 0.27 to 1.27
cm. This increase in intensity is greater than that expected from a
medium exhibiting no gain. A comparison of the measured time history of
the emission with that of nonQLTE time-dependent calculations suggests

that a small signal gain ~ 0.5 cm'] is obtained.

*Work performed under the auspices of the U. S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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- can confuse 1uterpretation. since most theories‘?) do not predict gain_;A :

Despite these complexities, the recombination scheme remains,a;_-i“

theoreticaIly 1nterest1ng problem with gains as high as 10 em™!

: predicted for certain schemes which are optimized and pumped by a. high  ]

energy laser.

In the present work we 1nvestigate.the recombination lasing scheme -

‘and measure a small gain on the Baimer alpha 1ine of 0 VIII for a
laser-heeted Formvar foil. Using tne Novette laser operated at green
(0.53 um) wavelength at 5 TW/beam power levels*we have been able to
obtain sufficient signal in a singie shot to facilitate both
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time-resolved and time-integrated measurements along opposite
lines-of-sight of the axial xray emission. The intensity of the Hu

line was monitored as a function of time for plasma lengths from 0.27 to
1.27 cm. The plasma was formed by two opposed cylindrically-focused
(0.3 x 1.4 cm) laser beams. The simple ratio of intensity from long to
short plasmas was greater than can be expected without considering
amp]ified spontaneous emission. Comparison of the time-dependent
intensity measurement with that of some time-dependent calculations has
indicated that the gain peaks roughly 1 nsec after the heating laser

pulse at values of order 0.5 en ).

A schematic representation of the experiment is shown in Fig. 1. We
have irradiated a thin 2000 A-thick Formvar foil (atomic percentage of
oxygen is v 13 %) with two opposed cylindrically focused (1.4 cm x 0;3
cm) laser beams from the frequency-doubled (AL = 0.53 uym) Nd-Glass
laser at the Novette facility. Total power in each beam is 5 TW, at a
pulse duration of 100 ps FWHM, which produces an average irradiance at

13 W/cmz. Given the dimensions, the

the surface of the foil of 1.4x10
plasma is essentially planar during the course of the experiment.* While
not maximizing the cooling rate, the experiment geometry simplifies 1D
simulations, and the shallow density gradients minimize xray refraction

over the long path lengths in the plasma. Calculations predict that

these heating conditions rapidly ionize the Formvar foil. Rapid

*Calculations indicate that the foil expands 100-200 um along the laser
direction in the time scales of interest. Thus the hydrodynamic cooling
of the plasma will be similar for the plasma lengths examined in these

experiments.
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relative emission in the axial (longitudinal) direction for a long and a
short target. Excluding opacity effects (which we discuss below) the
total time-integrated intensity should only increase as the length of the
target, i.e., if no amplification is occurring. Two-dimensional effects
on signal strengths are minimized by holding laser irradiation conditions
constant (thus plasma expansion velocities and cooling rates should be
nearly the same) and by placing 2 mm-diameter collimators at either end
of the target‘to restrict the diagnostics viewing region to the central
portion of the plasma. Also, the beams overfii]ed the ends of the foils,
eliminating absorption by colder plasma at the edges of the beams.
Alignment of the potential lasing volume to our diagnostics is
accomplished using an auto collimation technique which assures the

pointing accuracy of the longitudinal axis of the plasma to + 0.5 mrad.

Exampies of the time-resolved data for the long and short target are
shown in Fig. 1. 1In Fig. 2. we display the intensity vs. time for the
Ho line as well as the time behavior of the nearby continuum, i.e.,
xray emission at wavelength near the Ha line but not including it or
any other discernible transition. The relative timing between curves
from different laser shots (i.e., long and short foil cases) is
determined by normalizing to the peak of the bremsstrahlung emission,

which occurs at a time corresponding to the peak of the incident laser

heating pulse.

Concentrating on the emission characteristics of the Hx line as a
function of time, we observe two interesting results. First, the early

time behavior of the short and long foil cases are very similar. This is



consistént.withrthe‘line being optically thick during the heating;laser;‘v
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case:is;still;emitting-near,peak bnightness,;qhargassihe brightness of .

thie short foit emission is mais;inmﬁha#le from filg noise and X-ray.

background.: n«:sime ;det_em.inat;ionséf_«-\:th.ea,;,ngaein meffip;iem:a(m']) et i

~ can be direotlyfobtained.from>tne-ratio*of-thé méaﬁurﬁﬂi§?§5h¥9%3§rﬁvqfﬁv

 the Ha -ewisston for: the long-to-short foil cases..; Ignaring. |

tidle-depentent effects of opacity of the.Hu line and-presuming the .

measured 1ine brightness can be separated from continuum contributions
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For eXample. the ratio appears to peak at t ~ 800 psec at the value of
21 g

‘approximately 5 5, resulting in a = 0 5cm”'. The simple estimate
R SR 7
is apparently fairly accurate since a comparison to a theoretical ]

prediction (to be described shortly) éives a similar value for the gain. o

Comparison of the measured line brightness to that of the

: corresponding continuum illustrates two«other important phenomena. f

T
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First, the continuum peaks in brightness earlier in time than does the
line emission. This is to be expected due to the different mechanisms
responsible for the bremsstrahlung vs. bound-bound emission processes.
The bremsstrahiung essentially tracks the laser heating intensity,
because the matter temperature and density, both of which couple to give
emission, are then highest. The line, or bound-bound emission, peaks
somewhat later because of opacity effects and the slower rates of
recombination into the n=3 level. Comparing the continuum for long and
short foil cases illustrates that the continuum is optically thick at
early times, which would also negate a linear scaling in brightness with
plasma length. These complicated emission dynamics illustrate the

necessity of diagnosing such experiments with time-resolving diagnostics.

Comparison of theoretical modeling of the intensity vs. time with the
data supports our simple conclusion of the observation of gain. We have
modelled the x-ray emission by performing time-dependent simulations of
the hydrodynamics and coupling these with the history of the level
populations of the important transitions. The critical assumptions are
that the hydrodynamics do not depend on the details of the Tlevel
populations. This allows us to use a simulation code which includes
non-LTE physics, but not detailed level populations for the lithium-,
helium-, and hydrogen-like oxygen lines. We use the results of the
hydrodynamic simulation to drive a set of detailed rate equations which
solve for the level populations as a function of time. Next, we assume
that the gain will always be small, so that the signal is assumed to be

calculable by the usual radiative transfer methods, allowing the optical
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depth to be either negative or positive. This decouples the rate o
equations from the radiation transfer equation, a procedure which should
be valid if the gain is very much below saturation. Finally, we assume . M
that optical depth effects espec1ally critical in the Lyman«x R
transition, can be modeled by escape factors. This last assunption ts S a
not critical because the optical depth T . in'the’ Lylian-u Tine 18 =7 -

quite small (1‘ < l) at’ times of peak gain and increases only near

the end of the observation time (T a l)
To perform the hydrodynamic calculations ve use LASﬂEX‘g) (a code
which simulates laser-plasma interactions and plasma dyhamdcsj it

~ r

‘fnon-LTE rate equations to produce a hydrodynamic tiue‘hi%tory. Pl
a 'Calculational uncertainties in the laser plasma coupling. energy
f-transport and hydrodynamics should be small “due to the,low-intenSity on
' target and small value of D2 (nZ< 4xl012 W/end), A R
rate equation model that solves for the 1eVel polulations is based on x
complete model of the lithium. helium. and hydrogenic state with “the * |
other ionization stages included using a set of hydroﬁenic-type'leve&s

with the corrected ionizatiOn potentials.(lo)
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The results of the calculation are ‘shown 1f ‘Fig. 3, ﬁhere we compare tﬁe
theory to the experiment for the. running integral 1o, the -
ltime-dependent total ennssion observed for the two expér imental*casesﬁ” S SR
VNote the good agreement The calculations are normaliied td thé‘intégfal ej“‘ L
_over time of the 0.27 cm experimental results. The spontaneous emiSsTOn

level indicated in Fig. 3 is the calculated output from the 9 27 em ‘foil

when the absorption coefficient is artificially restricted to_negative

values. The experiment is above this value, confirming that gain
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(positive absorption) is required to explain the observations. We have
estimated the sensitivity to the theoretical modeling, by varying the
electron temperature in the hydrodynamics model by 10 %. As expected for
a recombining plasma, the results are indeed sensitive to the details of
the temperature history with 10 % difference in Te leading to greater
than 10 % in the emission. Most importantly, we have a system which does
not depend on the details of many rate coefficients, but which does show
gain , as well as time dependence in the gain. This comparison indicates
that time resolution in both the data and calculations is needed and that
small gains can be studied. The peak gain-length predicted here is ol

= 0.6.

In summary, we have observed enhanced emission from the 0 VIII Hx
line, consistent wth amplified spontaneous emission with a gain of 0.5
cm']. The experimental method was simple, namely we measured the axial
Tine emission from a plasma produced by laser heating of a thin Formvar
foil whose length was varied to test for signal amplification. The gain
can be directly determined by comparing measured brightness values to
those observed from a medium exhibiting 1ittle or no gain. Furthermore,
the use of a large laser irradiance area (0.3 cm x 1.4 cm) increased
x-ray yields so that multiple shots were not required. The
implementation of a time-resolved diagnostic allows for direct study of
emission time history and indicates that peak gains are higher than
time-averaged values. Meaningful comparison to a
hydrodynamics-ionization kinetics code are also facilitated by measuring

the emission time history.

Numerous experimental improvements can be made to increase

amplification of the 0 VIII Hx line. Modification of the laser optics
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Figure Captions

1. -Experinentai Setup for the recombination xray laser neasureuents,
actual prints of the xray streak camera film data ‘are shoun for the

' iong and short foil cases. L - A

zQ Densitoneter traces of the film data shown in Figure i iliustrates B
 radically different time histories for the Tong and short foii S
cases. The long foil (1.27 cm) case is shonn by the open circies and
the corresponding continuum._i.e., emission at energies just above
and belou the Ha transition is identified on the figure. The short '
foii emission (0 27) is shown by tne _open squares &nd the continuum

near the peak is also- identified Emission ieveis at or near 1. 0 are
‘ indistinguishabie from noise on the film and from otner sources.

‘3. This is a comparison of’the running integrai of emission intensity :
between theory (dashed line) and experiment for the long and snort
foil cases. Also identified on the plot is the resuit from the

.\,

time-integrated grazing incidence spectrograph shoun uith an open

square. Finaliy, the predicted intensity ievei to be expected from '
spontaneous emission only without gain is 1abeled on the graph. v |




EXPERIMENTAL SETUP FOR THE RECOMBINATION
LASER EXPERIMENT L

/— Formvar foil 2300A thick, length
varied, 1.27 cm to 0.27 cm

X 0.2 cm cylindrical g 1

H_line from O VIII, \ = 102.434 |
o VI Haline/ O VIII H_line

] | i

Time-resolved T
transmission !

grating t
spectrometer

Laser —"—

pulse AN—> AN—>
02-32-0783-3205 duration Long foil Short foil g/g3

Fiaure 1
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Time (ps)

Fiaure 2
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